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SUMMARY

Under the Office of Naval Research(ONR) Grant No.N00014-84-K-0610, the

University of the District of Columbia(UDC) has undertaken a basic research on

dynamics of marine atmospheres in tropical cyclones with an objective of

improving understanding of turbulence in cyclone vortices and efficiency of

computer simulation for transfer of heat, moisture and momentum in marine

planetary boundary layers of tropical cyclones. For this objective, UDC has

performed the following four phases of effort:

I. Develop a mathematical model, using the second
order turbulent closure equations, for simulating
plancta.y boundary layers of tropical cyclones
over the sea surface.

II. Calculate velocity, enthalpy and moisture dis-
tributions in planetary boundary layers of tropical
cyclones over the sea surface.

III. Develop and instrument a laboratory vortex
chamber for measuring the air/water interface
turbulence and heat, moisture and momentum
transfer.

IV. Develop a graphics-oriented interactive
finite-element computer model to simul-te
transfer of heat, moisture and momentum
in marine planetary boundary layers of
tropical cyclones.

In this report, results of these four phases of effort are presented; and

conrlusions of this research program and recommendations for further research

are described.
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I. INTRODUCTION

The structure, evolution and motion of tropical cyclones are controlled

by complex interaction of microscale, convective, mesoscale and synoptic

processes. Convergence of moisture in the planetary boundary layer is a

primary mechanism for organization of the convection in the inner core of an

intense tropical cyclone. The convection, in turn, provides the diabatic

heating necessary to sustain intensity of the tropical cyclone. Recent

advances in turbulent modeling and computational techniques have made it

possible to simulate simultaneous effects of numerous parameters on dynamics

of tropical cyclones.

Under the Office of Naval Research(ONR) Grant No. N00014-84-K-0610, the

University of the District of Columbia(UDC) has undertaken a basic research on

dynamics of marine atmospheres in tropical cyclones with an objective of

improving understanding of turbulence in cyclone vortices and -efficiency of

computer simulation for transfer of heat, moisture and momentum in marine

planetary boundary layers of tropical cyclones. For this objective, UDC has

performed the following four phases of effort:

I. Develop a mathematical model, using the second
order turbulent closure equation, for simulating
planetary boundary layers of tropical cyclones
over the sea surface.

II. Calculate velocity, enthalpy and moisture dis-
tributions in planetary boundary layers of tropical
cyclones over the sea surface.

III. Develop and instrument a laboratory vortex
chamber for measuring the air/water interface
turbulence and heat, moisture and momentum
transfer.

IV. Develop a graphics-oriented interLctive
finite-element computer model to simulate
transfer of heat, moisture and momentum in
marine planetary boundary layers of tropical
cyclones.



In this report, a mathematical model, using the second order turbulent

closure equations, for simulating planetary boundary layers of tropical

cyclones over the sea surface is described in Section 2. Results of calcu-

lated velocity, enthalpy and moisture distributions in planetary boundary

layers of tropical cyclones over the sea surface are presented in Section 3.

To increase confidence in the theory, calculated results are compared with

laboratory test data in section 4. Development of a graphics-oriented inter-

active finite-element computer program for simulating the vortex flow consti-

tutes a major effort in a latter part of this research program; and it will be

detailed in Section 5 of this report. Conclusions of this research effort and

recommendations for further research on dynamics of marine atmospheres in

tropical cyclones are given in Section 6.

2. A MATHEMATICAL MODEL FOR SIMULATING
VORTEX PLANETARY BOUNDARY LAYERS

Figure I shows schematically a vortex marine planetary boundary layer.

The situation presents many interesting features which include the boundary

layer heat, moisture and momentum transfer; turbulent energy production,

dissipation and diffusion; strong influence of the gravitational, Coriolis and

centrifugal forces; and influences of the air/sea interface roughness and

liquid droplets entrainment. Under Phase I effort of this research program, a

mathematical model, using the second order turbulent closure equations, for

simulating planetary boundary layers of tropical cyclones over the sea surface

has been developed.

Previous discussions of the turbulent transpo-t theory (e.g., see

Harlow and Hirt, 1969; Mellor and Yamada, 1974; and Lewelle, 1981) yielded

equations in rectangular coodinates for the turbulent stresses components and

flux moments. For simulating the vortex marine planetary boundary layers, it

is more convenient to use the cylindrical coodinates. Under Phase I effort of

2
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this program, a second-order turbulent transport theory which uses the

cylindrical coordinates and accounts for special features which are described

in the preceding paragraph is derived. Details of derivation of the theory

are described in Chi (1986); but a brief summary of the theory and its

resultant equations are presented below in this section.

Starting from instantaneous conservation equations, mean equations of

motion, and balances of energy and moisture for turbulent vortex flows were

first derived. Transport equations for turbulent stress components, and

enthalpy and moisture flux moments were then derived. Closure assumptions

formulated by Chou (1945), Launder, Reese and Rodi (1975), and Lumley and

Newman (1977) were finally used to complete the closure. In conclusion, a

mathematical model for simulating vortex planetary boundary layers has been

developed.

The coordinates are chosen so that z axis is vertical, and r axis is in

the radial direction and € is the azimuth angle. Equations governing mean

motion and balances of mean enthalpy and moisture concentration can be written

as:

+ + 7 +2=. v . (1)
r r re¢ az

BU Bu av Bu v 2

fv
at a 1r -r a _z - r -

IL+-2-2r%) (-)]
par rar t ar

a au av V)]
rat t r8O Br r

+ -[V + )]az t ar az

2v tv + U) (2)

r r¢ r
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In these equations, u, v and w are the mean velocity components in the r,

and z directions; t is the time, p the mean pressure, h the mean moist

specific enthalpy which is defined as (s+Lqv), and q the mean total moisture

mixing ratio which is defined as (qv +q). Here, s is the mean dry specific

enthalpy which is defined as C P[T-(To-gz/C )], L the water latent heat of

vaporization, C the constant pressure specific heat, T the temperature, TcP

the standard temperature, qv the water vapor mixing ratio, q. the liquid water

mixing ratio, g the gravitational acceleration, f the Coriolis parameter, s,

the virtual dry specific enthalpy which is defined as s(l+l.609Qqv -q), ic the

standard density, E the therml expansion coefficient which is defined as

[I/(C pT)], t the turbulent kinematic viscosity, and oh the turbulent Prandtl

number, and 7 the turbulent Schmidt number.

In equations 1 through 6, the turbulent viscosity value vt can be

calculated fror. the turbulent kinetic energy k and dissipation c values as

follows:

C 2  (7)
t \?

and values for k and c in equation (7) can in turn be calculated by the

equations:

ak ak ak ;k

at uTara

2au2  ?v U 2+ )2  ( a_2 au av + v)2

{2 + (- )+ ] 4 -- )t ar ra7 r az rae ar r

aw au 2 B v 2 as
r az -ra z a - z
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E + 8 E ]+ a +
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k t ar rBC r +za, a r

• w auI2  w ) 2 - u  as v
+ (- + -) + ( + -)-

ar az rC az C 8z
S

rv VV
E _ : + CtE) + t(_t ;E

rar c ar r¢ c E C 2z
C E

2 2-
k (9)

In quations (8) and (9), the virtual dry specific enthalpy value s value is
V

related to the mean moist specific enthalpy h and mean total moisture mixing

ratio q values by the equations:

V 2
= v c + (0.609- (10)

hz Chq C Cz

;vS (1 + I 609yr)ch Laq(&Z=V t C (1P + -Y hz C q Jz

where y and E are equal to (LI/C p)(aq/aT) and (C T/L), respectively.

Equations (1) through (11) with appropriate initial and boundary

conditions now constitute a complete equation set which may be solved to

simulate marine planetar, boundary layers of tropical cyclones.

3. HEAT, MOISTURE AND MOMENTUM DISTRIBUTIONS

IN VORTEX BOUNDARY LAYERS

The turbulent models discussed in Section 2 above can be used to simulate

the marine planetary boundary layer of tropical cyclones. As an example, a
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simple case which will first be considered is that the flow is quasi-steady

and axisymmetrical and that the boundary layer thickness is much less than the

vortex radial length (i.e., for a region of the vortex boundary layer far away

from the vortex center). Governing equations for this problem can be derived

from equations which are discussed in Section 2 above and they may be written

as:

ur w (12)

rer 2z

U= [f + - (f + v a(12) (13)
U-7+1 czr r az t~z

v 2v } (
V ?V -(\ ) (14)

T + z 2-z t-z

ah 2h . (t ch} (15)
'r ez cz Ch  C

-r + - z2 t  S) (16)

cr C! Z 0z C &
q

;k k t Bk
+ U_ -(- -)

Oz o z ck z

?v 2 as
t Zz C z

-C (17)

ac + ac t ac)

( u) 2_ (WZ) -_z C az

1"45 t Tzk t a ;z czz

C 2  (18)
- C-

ck
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where

V a k (19)
t V C

asv [ ah + (0.609r - I)L _LS (For Clear Region) (20)= z t 6 0ha q ; z
h q

aSv = V l + 1.609 ) ah + L q 21  (For Cloudy Region) (21)

az t8 (1 + Y)ch az C Cludh q

= 0.09exp[-2.5/(1+0.02Re t)] (22)

Cc = 2[1 - 0.3exp(-Re2 )] (23)
t (3

- k2
t - (24)

(Ch, oq, S , k9 C d = (0.9, 0.9, 0.9, 1.0, 1.3) (25)

A finite difference numerical procedure has been developed and a computer

program has been written for solving the above set of equations with

appropriate vortex boundary conditions to simulate the transfer of heat,

moisture and momentum in turbulent vortex flows over the water surface.

Details of this development has been published by Chi (1987), and a reprint of

the paper is appended to this report (see Appendix A).

As an example, the computer results for a hypothetic tropical cyclone

under conditions shown in table 1 are presented and discussed below:

TABLE 1

Maximum tangential Wind v+ at 1 km Altitude 52 m/s

9



Radius at Which Max. v+ Occurs 40 km

Temperature at 1 km Altitude 273 K

Coriolis Force Coefficient ixl0 - 5 s-

Temperature at Sea Surface 288 K

Fire 2 shows distributions of radial and tangential components (u+ and

v ) of the cyclone mean velocity at the 1-km altitude. Radial and tangential

components (u and v) of the boundary-layer velocity are plotted versus height

z at several radii r in figure 3 and 4, respectively. Values for the

vertical-velocity component w at the 1-km altitude are plotted in figure 5.

The boundary-layer specific enthaly (h-h+) and moisture ratio (q-q+) values

are plotted versus height z at several radii in figures 6 and 7, respectively.

Figure 8 show a distribution of the boundary-layer turbulent kinetic energy.

Several interesting marine vortex boundary layer characteristics can be

observed from these figures. For the region far above the ground (i.e., at

high altidude), it can be seen in figure 4 that tangential velocity dominates.

The balance of force for this region is, therefore, a balance of pressure

gradient and combination of the centrifugal and Coriolis forces. Near the sea

surface, retardation of the tangential velocity can be seen in figure 4. This

retardati'n is accompanied by a reduction in centrifugal and Coriolis forces.

The balance of pressure, centrifugal and Coriolis forces is thereby destroyed.

The flow in this region is then characterized by entrainment of the flow into

the boundary layer as indicated by the large induced radial velocity shown in

figure 3 and the induced downward flow (i.e., negative w+ values) shown in

figure 5. Figures 6 and 7 show large enthalpy and moisture values at vicinity

of the sea surface and their decreased values at large altitude. Advection

diffusion of the turbulent energy in the boundary layer can be observed from

distribution of k values shown in figure 8.

Detailed measurement of the boundary-layer values in tropical cyclone is

10
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difficulty if not impossible. A laboratory vortex chamber with air/water

interface has been built at UDC. Some UDC test data are presented and dis-

cussed in the next section of the report.

4. COMPARISON OF CALCULATED RESULTS WITH

LABORATORY TEST DATA

In order to establish confidence in the computer simulated results,

measurements of the turbulent vortex flow have been made on a UDC vortex

chamber. Figure 9 shows a schematic diagram of the UDC vortex chamber. The

chamber overall dimension is 55-cm diameter by 90-cm high. It generates an

air vortex of 30.48-cm diameter by 14-cm high. The vortex is generated by

forcing air through 24 evenly spaced vanes of 15-cm high placed on a 30.48-cm

diameter pitch circle. The swirling air discharges from the chamber through a

3.81-cm diameter hole located at center of the chamber's top disk. Bottom of

the swirling air is in contact with a pool of water which can be maintained at

a constant depth and at desired temperatures. The chamber is instrumented

with both the TSI hot-film anemometer and laser doppler velocimeter. An IBM

PC has been used for online data acquisition and processing.

Figure 10 shows an example of the measured radial u+ and tantengial v+

components of air velocity in the main vortex flow outside the boundary layer.

Also can be seen in this figure is that u+ and v values for this vortex flow

can be correlated accurately by the equations:

u). r 2.5 0 6v 2(u+ W r (1- exp[- T -+ (-) ](26)

1.4v r 2

V+ W 1 - expf-1.253(--) r ) (27)
r r

18



AIR OUTLET

lie -AIR INLET

-/ AIR FLOW

AIR FLOW

GUIDE VANES

-Vv A':FrVINTERFACE

AIR FLOW A£
TURBULANCE
PROBE

FIGURE 9 SCHEMATIC OF A UDC LACORATORY VORTEX
TEST CHAMBER

19



I II II

SD - EQUATIONS
9 EXPCRMCNTS

V

L
0 4

C
I T g a. tia l
T Velocity

3:
/
S

Radial
V.elocity

0 2 a 0 1

RADIUS (cm)

FIGURE 10 MAIN VORTEX u and v+ UNDER A TEST
CONDITION

20



where suffix + represents values at vortex main flow, suffix - represents

values at large radius, and suffix m represents values at a position in the

main flow where the vortex tangential velocity is maximum.

Measurements in the boundary layer have so far been made only with the

hot-film probe for the air flow over soli3 end walls. Results of the measured

radial u and tangential v values inside the vortex boundary layers on the

smooth and rough end walls are shown in figures 11 and 12, respectively. For

comparison, computer simulated results under same conditions as experiments

are also plotted in these figures. Excellent agreement between theory and

experiments can be seen in these figures.

5. A GRAPHICS-ORIENTED INTERACTIVE SIMULATION MODEL
FOR TRANSFER OF HEAT, MOISTURE AND MOMENTUM

The last phase of effort under this program was spent in developing a

graphics interactive turbulent simulation computer program based upon the

Galerkin's finite element method. A peculiar feature of the finite-element

method is the division of domain into a finite number of elements. A set of

basis functions is locally defined over each element so that one only needs to

consider the governing equations for individual elements. After the element

equations are obtained, a simple assembly of these equations over all the

elements yields the global system of equations. Since the shape and size of

individual elements are very flexible, local refinement of resolution can.be

easily obtained for regions of strong gradients. Irregularly shaped domains

can also be easily divided into elements without coding difficulties. These

flexibilities of the finite-element method make it especially useful for

modeling heat, moisture and momentum transport in the marine boundary layers

for which mesh nesting and complex interactions are important. In addition,

ability of discretization allows easy interfacing of the finite element

computer program with the interactive graphics software. The author and his

21
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co-workers have been developing under this Grant a finite element analysis

computer program for simulating three dimensional tranportation of momentum,

moisture and enthalpy, and have so far obtained solutions for the one- and

two-dimensional problems. In addition, the UDC's finite-element computer

programs have been interfaced with the PDA's PATRAN graphics-oriented software

package. This interface has allowed PATRAN to be used for model creation and

results presentation under an interactive graphics-oriented environment and

the UDC's finite element computer program to be used for analysis.

For convenience of documentation, development todate of the graphics-

oriented interactive finite element computer program at UDC is presented

below in several sub-sections as follows:

Equations Under Consideration

Finite Element Formulation

Solution Procedures and Computer Programming

Interfacing of the UDC Finite-Element Programs with
the Graphics-Oriented PATRAN Modeling Pre- and Post-
Processor

Results and Discussion.

5.1 Equations Under Consideration

The equations under consideration are conservation equations derived in

Section 2 of the report. Limiting discussions in this section to problems of

momentum transfer in two dimensions and assuming constant turbulent viscosity,

the following governing equations in nondimensional tensor form may be ob-

tained:

aU. I~i U.
M -- i U U. + FU 6 + FU6

1.iU P --X.( i j Re aX. 2 )i I2iJ J

=0 (28)
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C(r) = (29)0 ax.J
1 -U

BO.) : a. aX-n. b . (30)
J

where suffices i and j follow the usual tensor rules, and their values are

either one or two for reference to nondimensional quantities in the x or y

direction. The nondimensional quantities in these equations in terms of

reference length and velocity v are defined as follows:

fi

Nondimensional Corrilis Component, F= _ r (31)V
r

Nondimensional Pressure, F --- (32
o r

V i
Nond imensional Reynolds Number, Re = rr (33)

t

Nondimensional Velocity in x-Direction, U = U 1  (34)
1 v

r

Nondimensional Velocity in y-Direction, V = U 2  (35
2 Vr

Nondimensional Distance in x-Director, X X] (36 )
r

Nondimensional Distance in y-Direction, Y X = y  (37)
2 1

r

tv
Nondimensional Time, T - -- (38)

r

25



5.2 Finite Element Formulation

Construction of a Galerkin finite element algorithm is now to be made to

solve for the velocity components Ul(=U) and U2(=V) from equation (28). The

flw domain to be analyzed is divided into small subdomains call finite ele-

ments. Governing equations are then transformed into finite element equa-

tions. Finally, the finite element equations are assembled into a global

system of equations which can be solved to yield simulation results for the

problem.

In the present analysis rectangular finite elements are used to discreti-

zing the tiow domain. The rectangular elements have four nodes. The inter-

polating equations for velocity in an element shown in figure 13 can be

written as:

U.(r 1 ,i 2  = N(r 1 ,n2{UI(T)) (39)
1

where

! 1 + n ) 1 - 2)

N( , ) T! T) 2(40)

+( 1 + )( + n2),

(1 -n)(l 2)

and n I=X I/a=X/a and n2 =X2/b=Y/b.

26



3

b

1 2

a a

FIGURE 13 SKETCH OF A RECTANGULAR FINITE-ELEMENT
DOMAIN

27



Equation (39) expresses U and V values in terms of natural coordinates

and nodal values UI which is equal to U1 or U2. Construction of finite

element solution algorithm for equation (28) subjects to several constraints.

It is firstly required to satisfy the boundary condition equation (30),

secondly to equate gradient of the convection part of equation (28) to zero

for controlling nonlinearly induced instability and dispersion error,i.e.,

aU. aU.
I + U. 0 (41)

a 1 a J

and finally to satify the panalty function which equates pressure to the

continuiy function define by equation (29), i.e.:

aU.

T(P) = P + X (42)
J

Application of the Galerkin weighted residue method to governing equation

(28) for individual finite elements with constraints of equations (30), (41)

and (42), and substitution of discretization equation (39) can now be made to

yield the element algorithm statement:

f {N}M(Ui)da - j {N}-M (U.)d2 + f (N)B(Ui)dT
1 n~ ax. r1e e j e

+ f -{N }f(P)dQ = 0 (43)

e 1

The resultant element contributions can be asseinnled into a global

system of ordinary differential equations with respect to the nondimensional

time T as follows:

[CI]{UI}' + [KI]{UI} + [KIJ]{UJ) + {SI) = 0 (44)

28



Here, [CI] is the capacity matrix, [KI] represents the convection operator in

equation (28), [KIJ] provides the complete cross-coupling between the nodel

{UI) and {UJ) values, and {SI} is any source term.

5.3 Solution Procedure and Computer Program UDCFLOW

An implicit finite-difference integration procedure is used to evaluate

numerically the ordinary differential equation set (44). With 0, which is

within zero and one, as an implicit parameter, the differential equation set

(44) can be approximated by the algebraic equation set:

FI = [CI] UI I -
n+1 n

(T)([KI p  }P + [KIJ] p  {uj}P + (SI)P

]n+I {UI n+1  n+1 n+1 n+1

+ (1 - C)(6 )([KI] {U n + [KIJ] n{UJ)n + {Sl n) (45)

Starting from guessed UI values, corrections for UI values can -2 calculated

using the Newton iteration algorithm:

[J(FI)] p  {UI-'P+1 = -{FI p  (46)

n+1 n+1 n+1

Iterated solutions can then be defined as:

{UI) 1 = {UI}P + {dUI.)+ 1  (47)
n+1 n+1 n+1

Here the Newton algorithm Jacobian is constructed as:

[J(FI)] f{FI)
a{UJ} (48)

The process is repeated until a preset convergence criterion is met.

29



A computer program UDCFLOW has been written using the above-described

finite-element algorithm and calculation procedure for evaluating distribu-

tions of U and V in X and Y domain f2 at different time T. To facilitate the

use of the program, the UDCFLOW has been interfaced with the PDA's PATRAN

graphics-oriented modeling pre- and post-processors.

5.4 UDCFLOW and PATRAN Interface

UDCFLOW is a finite element computer program for simulating transient

flow of fluid in two dimensional fields. To facilitate efficient flow

simulation, the UDCFLOW has been intergrated with the PATRAN software package

for graphic pre- and post-processing of the finite element analysis. The

PATRAN program provides an interactive, graphics-oriented environment for

creation of a geometric and finite-element model. A UDCPAT interface program

reads the PATRAN generated neutral file for the model and generates a data

file which may be used as inputs for the UDCFLOW finite element computer

program. Simulation results from UDCFLOW runs may be transferred back to

PATRA!N for post-processing display. As an example, table 2 shows an example

of the PATRAN command set which has been used to generate the cyclone model

shown in figure 14.

TABLE 2

AN EXAMPLE OF PATRAN INTERACTIVE COMMANDS
FOR CYLONE MODEL GENERATION

START:
PATRAN
GO

PHASE I--GENERATE GEOMETRICAL MODEL:
GR,I,,0
GR,4,TR,12,1
GR,2/3,TR,0/10,1/4
LI,1/2,ST,,1/4,2/3
PA,1,2L, ,1,2
SET,LINES,O

SET,CPLOT,ON

PA,A,REV
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(Table 2 Continued)

PA,1,LAB, ,1/2

PHASE II--GENERATE ANALYTICAL MODEL:
GF,P1,G,25/21
CF,PA,QUAD
DF,P1,DIS,3/0/0/0/0/0, 1
DF,P1,FORC,3/0/0/0/0/1, 1,EDIT4
SET, LABELS, OFF
PM,I,TAN, 1,10000,1,0,4(0)
PM,2,TAN,6(0.025) ,1000,0.5
PM,3,TAN,0,0.018,2,2,0.005,3(0)
PM,4,TAN,3(5),3,2(0),100000,30

PHASE III--CREATE NEUTRAL FILE:
INTERFACE
NEUTRAL FILE
CREATE OUTPUT
ENTIRE FILE
OUTPUT FILE
OUTPUT PHASE I,YES
OUTPUT PHASE II,YES
NEUTRAl FILE PATRAN.OUT CREATED
STOP PATRAN

PHASE IV--TRANSLATE NEUTRAL FILE AND UDCFLOW RUN:
RUN PATUDC
RUN UDCFLOW

PHASE V--POST-PROCESSING DISPLAY:
RESTART PATRAN
OUTPUT RESULTS
USE EXTERNAL DATA FILE
VECTOR PLOT
USE DATA OTHER THEN INDICATED
PLOT RESULTANTS
COMPONENTS I AND 2
USE UDCFLOW OUTPUT FILE RESULT.DAT
PLOT MODEL
PLOT GRAPHS
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5. Results and Discussion

The algorithm developed can theoretically be used to simulate the two-

dimensional atmospheric vortex. However, because of the vortex scale in

nature, supercomputer will be required to simulate the atmospheric vortices.

The author has so far used only the UDC's VAX-8650 computer for test runs of

the program UDCFLOW. Several test runs have been made for problems of

academic interests. Runs were first made for the one-dimensional fluid flow

and thermal diffusion problems. Several examples of these runs have been

presented and discussed in a paper by Chi, Berhanu and Ranje (1989) and a

reprint of the report is appended to the report (see Appendix B).

A very popular two-dimensional flow problem is the so-called driven

cavity, e.g., see Bozeman and Dalton (1973), Kawahara and Okamota (1976), and

Baker (1983). Figure 15 shows a sketch of the driven cavity with the nondi-

mensional lenct" by height being one by one. The cavity fluid is initially at

rest, and the top lid of the cavity is started impulsively with a velocity

which is used as the reference velocity v . Reynolds number for the cavity

flow which is defined as (v £ r/V t) is assumed to be 100. At the test run, the

flow domain is divided into a mesh of 20x20. Figures 16 through 20 show

snapshots of the flow field at the nondimensional time (T) equal to 0.0, 0.4,

1.0, 3.0 and 5.0, respectively. It can be seen in these figures

that as time i advances from 0 to 3 penetration of the flow depth increases.

As time advances further from t equal to 3, there is little change in the

cavity flow. That is, steady state of the flow has been approached at T equal

to 3.

In conclusion, a general finite element computer program UDCFLOW has been

developed to simulate transient flow develpment in the two-dimensional domain.

The program has been integrated with the PDA's graphics-oriented PATRAN

software package for finite-element analyses pre- and post-processing.
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u=1 9 V=o
Re=100

u=rJ u=O u=O
V=o v=rJ V=u

u=o, v=o

FIGURE 15 SCHEMIATIC DIAGRAMI OF A DRIVEN CAVITY
SHOWING INTIAL AND BOUNDARY CONDITIONS
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Runs of the program for several interesting problems have been made by

the author and his co-workers. Effort is now being made by the author for

accessing to Super-Computers to test applicability of the program to

full-scale tropical cyclones in atmospheres.

6. CONCLUSIONS

Under the ONR Research Grant No. N00014-84-0610, UDC has undertaken

a basic research on dynamics of marine atmospheres in tropical cyclones

with an objective of improving understanding of turbulence in tropical

cyclones and efficiency of computer simulation of tropical cyclones. For

this objective, UDC has performed the following four phases of effort:

I. Development of mathematical models for marine planetary
boundary layers of tropical cyclones over the sea surface.

II. Simulation of marine planetary boundary layers of tropical

cyclones over the sea surface.

III. Tests in laboratory of air vortex flows over the water surface.

IV. Development of finite element computer programs for simulating
marine planetary boundary layers of tropical cyclones.

Through these phases of effort, several accomplishments have been

made. A turbulent theory for processes of the transport of heat,

moisture and momentum in the marine planetary boundary layer has been

developed. The theory uses the second-order turbulent closure model and

calculates the turbulent stress components, and enthalpy and moisture

fluxes. In addition, a simplified k-c turbulent model is derived from

the detailed turbulent flux model to increase the calculation efficiency.

A computer program based upon the finite-difference numerical procedure

has been coded to calculate the turbulent transport of heat, moisture and

momentum in the marine planetary boundary layer of tropical cyclones.

To increase confidence in turbulence models and computer simulation,

a vortex chamber with air/water interface has been designed and set up in
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the UDC laboratory. The chamber has been instrumented with both the hot-

film and laser doppler velocimeter. Tests have so far been made only with

the hot-film anemometer and with air/solid-wall interface, and data from

these tests with both the smooth and rough solid walls are in excellent

agreement with the computer simulation results.

To increase simulation efficiency, a major effort has been made in

development of a graphics-oriented interactive finite-element model for

simulating transfer of heat, moisture and momentum in vortex flows. A

finite-element analysis computer program (UDCFLOW) has been developed at

UDC. Solutions have so far been obtained for transient one-dimensional

heat and momentum transfer and two-dimensional momentun transfer equa-

tions. In addition, the UDCFLOW program has been integrated with the

PDA's graphics-oriented PATRAN software package for finite-element

analysis pre- and post-processing. Successful runs of the program for

several interesting problems have been made by the author and his co-

workers. Extension of runs to problems of vortex flow in marine atmos-

pheres will need more extensive computer facility than the VAX-8650 which

the author has been using. Effort is now being made by the author to

access to "Super-Computers" to test applicabiliy of the program to study

full-scale tropical cyclones in marine atmospheres. In addition, inves-

tigations are being made of possible permatations of index structure for

the large-scale Jacobian' metrices so as to decrease the central memory

requirements for the Jacobians and to reduce the CPU time for their

evaluation.
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HEAT, MOISTURE AND MOMENTUM TRANSFER IN TURBULENT VORTEX FLOWS
OVER THE WATER SURFACE

J. Chi. Professor of Mechanical Engineering
University of the District of Columbia

Washington, D.C.

ABSTRACT Q* - surface total moisture flux

This paper presents a numerical simulation of r = radial distance

turbulent vortex boundary layers on the water surface.

The model of turbulence employed is one that the tur- Ri - Richardson number
bulence energy and its dissipation rate are calculated
liv w.ay of tr.iiisport /ii.iti,,,is which ir, solv,'d siimil- S = mi ii dry specific v'othiully defined as C IT-(T.
taneously with the vortex boundary layer memn flow -gz/C )j
equations for conservations of mass, momentum, energy

and moisture. The model considered includes influen- S = virtual dry specific enthalpy defined as S(I+

ces of the buoyancy, Coriolis and centrifugal forces, 1.609Qv-Q)
the air/water interface roughness, and the interface
water droplet entrainment. Although lack of turbulen- T - temperature

ce measurements over the water surface prevents a com-

lete comparison of the present theory with experiments, T, - standard temperature
good agreement is obtained with available experimental

data for the vortex boundary layer over simulated wa- U - mean velocity component in radial di. action

ter surfaces.

U. = surface frictional velocity
NOMENCLATURE

V = mean velocity component in tangential direction
C - constant pressure specific heatP 

V - mean tangential velocity at the vortex outside
C - a constant in equation for calculating the water radius

z surface roughness

W - mean velocity coin ponent in vertical axial direc-

f - Coriolis parameter tiun

g - gravitational acceleration X - dependent variables

H - mean moist specific enthalpy defined as (S+Qv) z - vertical aial distance

H. -surface moist static energy flux z, - water surface roughness length

k , turbulence kinetic energy z, n first layer of air next to the air/water inter-

face
L * water latent heat of vaporization

a - a coefficient in finite difference equations

Q - mean total moisture mixing ratio defined as
(Q1#Qv) 8 = expansion coefficient or a coefficient in finite

differensce equations
qt=liquid water mixing ratio

Q - a function of Richardson number defined in text

Qv - water vapor mixing ratio
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" a quantity defined as (L/C )(3Q /aT ) or a coef- turbulent energy method 131, respectively. Recent ad-
ficient in finite difference eq~atigns vances in turbulence modeling and numerical methods

(e.g., see Harlow and Hirt[4I, Gibson and Spalding 51,
6 - a coefficient in finite difference equations Hanjalic and Launder 161, Mellor and Yamada [7), Le-

wellen [8), and Chi 19]) have made it a common pra -
6 - boundary layer thickness tice to solve simultaneously transport equations for

turbulence quantities with conservation equations for
C = turbulence energy dissipation rate mean flows. Many parameters for cumplex turbulent

flows can now be simulated by numerical methods. In

- a quantity defined as C T./L this paper, the authcr presents a numerical simulation
p of turbulent vortex boundary layer flows over the wa-

0 - azimuth angle ter surface like that shown in Fig. 1.

vt  - turbulent kinematic viscosity 1 1

a - Prandtl/Schmidt number for turbulent diffusion

T - a function of Richardson number defined in text

SUBSCRIPTS

g - saturated vapor

h - pertaining to diffusional transport of moist
specific enthalpy v

k - pertaining to diffusional transport of turbu-
lence energy

I - values of the radial position where the main
vortex tangential velocity is maximum or the WATER SURFACE
vertical grid position in a finite difference
scheme

M - grid position at the vortex top boundary

n - the horizontal grid position in a finite dif- Fig.1 Sketch of the Vortex Flow Over a Water Surface
ference scheme

N - grid position at the vortex outside radius The flow situation shown in Fig. 1 occurs in na-
cural at,,-ospheres such as the marine planetary boun-

q - pertaining to diffusional transport of moisture dary layer of tropical cyclones as well as engineer-
ing devices such as wet cyclones and thermal proces-

s . pertaining to diffusional transport of dry ape- sors. It presents many challenging problems which are

cific enthalpy of interests to researchers in areas of heat and mass
transfer, fluid dynamics and marine meteorology. The-

x - pertaining to the dependent variable X se problems include the boundary layer hicat, moisture
and momentum transfer; turbulence production, dissi-

I - pertaining to diffusional transport of turbu- pation and diffusion; strong influence of the gravita-
lence dissipation rate tional, Coriolis and centrifugal forces; and influence

of air-water interface roughness and liquid droplet

* - lower boundary of ni nir vortex at the nir/water entrainent.

interface The model of turbulence employed in this paper is
I 3 air layer next to the air/water interface one which calculates the turbulent kinetic energy k

and its dissipation rate c by way of their transport

- - outside radial boundary of an air vortex equations. The turbulent kinematic viscosity will be
calculated from k and c values [10),

* - top boundary of an air vortex V . .090/c ()
t

INTRODUCT'ION Mean conservation equations which will be solved si-

In their earlier papers, the present author and multaneously are those not only for balances of mass and

hisco-workers reported several numerical simulation momentum but also for balances of the moist static

results for the turbulent vortex boundary layer oti energy and the total moisture mixing ratio so as to
rsuoth solid sheurbeuing votex boudarys integra oenable the model to simulate both the air/water inter-
smooth solid surfaces, using the arman's integral face evaporation and the interface water droplet en-
method (11. The mixing length theory 121, and the trainment. The Coriolis force due to earth rotation

and the centrifugal force due to the flow circulation
are included in formulating the model momentum balanc.

The number in brackets refer to the references at Influences of buoyancy force and surface roughness are
the end of the paper accounted for in formtlating the model turbulence
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transportation and the model flow boundary conditions, predicted X distributions. However, the buoyancy terms

in equations (7) and (8) contain a derivitive of S

In subsequent two sections of this report, gover- which is not onie of the directly predicted variables.
ning equations for the model are derived along with In order to relate (S /az) to the predicted variables
their relevant initial and boundary conditions and H and Q, we follow a dvrivation discussed by Moeng and
th-'ir soluat i ron p ro uedure; ;,d r'-sul i.r tiesvnttcd Ar;ikiwi Jl1, which yields the fullowin;g reIationshipa:
and discussed.

THE MODEL H (0.609c - I)LaQ (for clear region)(0)at 8 a 1 at a a

Governing Equations as 1I tLaQ
° e  .

6 9 ~)l (for cloudy region) (II)

Coordinates are chosen so that z axis is vertical, az a (l+)o 1at 3z

r axis is in the radial direction and 0 is the azinitth
angle. When the Boussinesq and boundary layer appro- Here y is equal to (L/C )(aQ /aT ), 4 is equal to C T /
ximations and the axisymmetrical and quasi-steady flow p g g p 0
assumptions are used, governing equations for conser- L, and sufix g stands for the saturated watercordition.
vations of mean mass, mean motion radial-direction mo- Equations (2) through (8) together with the auxiliary
mentum, mean motion tangential-direction momentum, functions discussed above now form a model for turbu-
mean motion moist static energy, mean motion total mo- lent vortex flows over the water surface. In addition,
isture mixing ratio, mean turbulence kinetic energy the boundary layer model requires specification of ini-
and mean turbulence dissipation rate become tial conditions and boundary values at the edges of the

flow.

aUr 314
rJr Jz bottom Boundary Conditions

V

au U  V V all At the air/water interface, both the water surface
;z r r-z tz roughness and the surface layer stability influence the

air vortex bottom boundary conditions. The water sur-
-) , Vv face roughness length can be calculated by the equation

a tat 112):

?H1 3 3 a't all z. C U2i (12)
U,1- C- - )(5 0 '/

where U.. is the surface frictional velocity, g the gra-v

UaQ ,aQ =a ( t a(6) vitational acceleration, C & constant whose value de-
at a -az at )b ends on the extent of the flow field. For example,

q for the air/sea interface it is equal to 1.6xlO -', for
ak a k a _t ak the laboratory wave channel [12] it is equal to 1.12x

t az az ak at 10-', and for the UDC vortex chamber [9) which will be

[S discussed later in the paper it is equal to 5.58x10'.

t 3z 3 at For numerical modeling, the boundary layer in the

ac ac a j (it acvortex flow is divided into horizontal layers and con-3--cZ) centric cylindrical surfaces. The first bottom layer

C as will be at a height z-z,. U, V, H and Q values at the

* . 45Sv [(3U) (1aV '_ - & v _v 2z( surface layer can be calculated by the equations 113,141:
k t az at 0 at k (8)

(U,'+ V")- 2.50U [ln(3--) - Y(Ri,)j (13)
In the above equations, U, V and W are the mean (1

velocity components in the r, 0 and z directions; and
H is the mean moist specific enthalpy, Q the meantotal (H,- H.) - 1.85H.[ln(L

t
) 9(Ri,)1 (14)

moisture mixing ratio, k the mean turbulence kinetic z,

energy and c the mean turbulence energy dissipation
rate. The turbulent viscosity appearing in the diffu- Z'- *) 

- I.85Q, ln(L)(
sion term is calculated by equation (1). Ihe turbulent
exchange coefficients for diffusions of the moist sta- Here U*, H* and Q. are the surface frictional velocity,
tic energy, the total moisture ratio, the virtual dry the surface moist static energy flux, and the surface
speficic enthalpy, the turbulence kinetic energy and total mosture flux, respectively; aid the Richardson
the turbulence dissipation rate are related to the tir- number Ri is defined as follows:
bulent viscosity through the turbulent Prandtl-Schmidt v as
numbers which are all supposed to take on the follow- Ri - [0 . 4g(-- -V) /( s (16)
ing constant values: 0 at

(0h, a q k, o ) = (0.9,0.9,0.9,1.0,1.3) (9) The stability functions y(Ri) and 0(Ri) are calculatedby the equpations:

In the above equation set, the turbulence stresses Y(Ri) - 4.7Ri [for Ri > It
and fluxes have been modeled by the expression [(v /o ) k T }
(aX/az)) in which X represents any mean quantityo fa x = -ln{0.5(l (I-I5Ri) )-2In(0.5[l1-+(iRi) 1

dependent variable value. Values of [(v /o )(aX/az)[ *2tan'(1-1SRi) 1-0.511 [for Ri < 11 (17)
in equations (2) through (8) can be calcula ed trom the
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O(Ri) - 6.35Ri [for Ri > I II - , - 1.85H lln( -) + o(Ri)j (29)

- -2ln(O.511+(I-9 i) 11 [for Ri < 11 (18)
k and c values at the bottom boundary layer can be Q -

Q
, I.l85jlln(--) + O(Ri)] (30)

zs

calculated by the equations [151:

k - 3.33U'(I4.4 7Ri,)
-
' [for Ri > 11 ltere Ri, V and 0 values are determined by equations

k 3 [o (16) through (18), respectively. The side turbulence

- 3.33U'(I-I5Ri1 ) [for Ri < 11 (19) energy profile may be represented by the polynomial
3/2 (19):

c " 0.412k 3
/

2
z, (20)

k 
m
- ((k ,)./I[I- 2(.LL) 1+ 3( _L) 1}[ -2(-!) ' 3( 

1 )  
(31)

Top Boundary Conditions a ( 1 4

Mean velocity components for the main vortex in which (k,)- is the bottom boundary turbulence ener;y

flow at z-z. and all r have been calculated by nume- value at r-r It can be calculated by equation (19).

rous workers, e.g., see Root(161, Sullivan [171 and Value for th7 side boundary turbulence dissipation race

Lewelleo (18]. The result can be represented accura- is related to the turbulence energy value by the e~jun-

tely by the equations: tiun:

3/2 -1 (32)
(U+) (r.) 2.506v r c - 0.412k z

+ r ep-(U)rr. (1 Solution Procedure

l.4V r

+ .1.4V mm (I - expl..253(-L-) 1 ) (22) The conservation equations (3) through (8) for U,
V r r V, H, Q, k and c have a parabolic form of

where suffix + represents values at the top boundary, x = *jt ax Source (33)

suffix - represents values at large radius, and suffix ar az 3z a az
m represents values at a position in the main flow X

where the vortex tangential velocity is maximum. In Several finite-difference methods of solution for equa-
the main flow, the mean moist static energy H and the tion (33) are available in the literature 1201. We ha-
mean total moisture ratio Q values are expected to be ve written a complret proi:rnm followini,: in rxtoinsioi .,f
linear with respect to z. Ilcnce thuir top buundairy tln m,, p licit prot.duri. giv,.ii by Crank.itid Ni h,. I - 1-a:i .
conditi .s are as follows: Using a rectangular grid system on the (rz) plane with

H 0 (23) r n+=I r n 6r (n=l .2...,N)

zm+ I  . zm + AzM (m-1.2 ...... ) (34)

-T 0 (24) The equation set (33) for different quantities of the

model independent variables are approximated at the po-
The values nf k and c at the top boundary can be de- int (r z m) and written in the form-

termined from the degenerative forms of equations (7) n+1

and (8) which result when gradients with respect tc z n n I + nXn , n n n (3

are set to zero. That is, mm-I m m +mm1 m

ak (25) Here at n=N, values of X are equal to the side initial
ar U, values at r-r.; 't m-1, values of X are equal to the

- -2('c)' bottom boundary values at z-z,; and at m-,!, values of M
r+ (26) are equal to the top boundary values at z-z+. Integra-
a r ( U .) ( k. ) L~ i l yt . q m i " 1 1 ( ) I r ,m i n - N - I w i t h ml l l ' o ml I L o' N , v ai -

piles of X with m from I to : cat b" di.termined V.4-N- I. ,
Side Initial Values lu of ,i is t. ni reduced by oi- to dttriii xi ' lh

process is contintued, until it covers the who~e'(r,z)
For the side boundary initial values, the boun- do..:in for the problem. Structural details of the pro-

dary thickness 6, the radial velocity amplitude value gram can be found in a paper by Chi and Glowacki 12).
E and the surface frictional velocity U at the outside

radius r - r. may first be calculated by a Karman's RESULTS AND CONCLUSION

integral method 1I1. Initial values for U, V, II and
Q at r-r_ and all z can then be represented by the - In order to establish cot.fidence in the present mo-
following functions (1.141: del, some measurements of the turbulent vortex flow ha-

2.5U. ve recently been made (on a UDC vortex test chamber) by

V "*tin(z) -Y(Ri)1 (27) the author and a co-worker. Details of the experimental

O-E Z. set-up (Fig. 2) were given by Chi and Hinds 191. Brief-

(U) ly, the test chamber's overall dimension is 55-cm diame-
U 1 (- I 1 rer by 90-cm high. It generates an air vortex of 30.48-

U - EV( 11 + cos(II))IM - 211 - V)
a - cm diameter by I5-cm high. The vortex is generated by

(U) forcing air throuRh 24 evenly spaced vanes of 15-cm high
* [I1- E(V 3 ) (28) placed on a 30.48-cm diameter pitch circle. The swirl-

ing air discharges from the chamber through a 3.81-cm
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diameter hole located at center of the chamber's top 1.0
disk. Bottom of the swirling air is in contact with tDU
a pool of water which can be maintained at a constant IH U
depth and at desirea temperatures. A scaled needle E 12.065 .525 6.985 14.445

probe may be inserted vertically from the bottom into E S E

the chamber at different radial positions to measure I IIS
mechanically the wave heights.

T 5

C
M

AIR OUTLET *

AIR INLET -

0.0 0 0.0 0.0

RADIAL INWARE VELOCITY, -U

AIR FLOw Fig 3 Predicted and Measured Radial Velocity on Solid
Surface. (Keys: o & , easured & Calculated
values on Smooth Surface; o & --- , Measured &

Calculated Vaiues on Rough Surface of Sand Crain

Meosh #120)-I ~ ~~ AIR FLOW1. -GUIDE VANES [

RADIa' ( ) :
hiTFR .TFIFACE I1.65 .525 6.995 4.445

I AR FLOt4 E dI

TURIULENCE I SCALE
PRObt. C

T 0. 0

C0

M

9

0 0 0.0 0.0 0.0
____ TANGENTIAL VELOCITY, V

Fig. 4 Predicted and Measured Tangential Velocity on

Solid Surface. (Keys: o & - , Measured & Cal-

culated Values on Smooth Surface; o & ---. Mea-
sured & Calculated Values on Rough Surface of
Sand Grain Mesh 0120)

As numerical examples, the computer program for
Fig. 2 Schematic of a Laboratory Vortex the present model has been run to simulate the turbu-

Chamber with Air/Water Interface
lent vortex boundary layer fiows under the same main
vortex conditions as in the experiments out with seve-Because the chamber is not currently i=nstrumented ral differeni. bottom surface conditons as follows:

to compensate for influences of water entrainment on

the air flow measurement, direct measurements of air
velocity over the actual water surface have not been 1. Smooth solid surface,
maoe. Solid surfacen of different roughness heights 2. Sand-roughness solid surface, and

were used to simulate physically the air/water inter- 3. Actual water surface.

face roughness. The horizontal component of velocity For smoeth solid surf.ace calculations, z, va!oes
and its directiun in the vicinity of the rugh solid wore calculated from z, equal to O. llv/U , and for sand

surface have been measured by a directiunally sensi- roughness-surface calcula ions, z. values were calcula-
tive wedge-shaped hot-film probe. The hot film was on ted from z, equal to 1/30th of the sand grain height.
the axis of the cylindrical stem of the probe, and the Both of these relationships have been obtained from
probe was traversed axially through the bott,,m plate Schlic.tinv, 1221. The pwredicted radial vulucity U a4d
.,t da ffer,.it r.di i a,, th.,.t the h,,riouttal velociti s
at differelt radii and th.~itthe c o 1 bemeasured. tangential velocity V over the smooth and rough surfa-
at different radii and heights could be measured. Fi- ces are plotted versus z for several radii in Figs. 3 and
gures 3 and 4 show th" measured vortex boundary layer 4 for comparison with the experiments. The ability nf
velocity profiles, U and V, respectively, versus z at the present theory to correlate the measured mean velo-
several radii and with the surface roughness values city profiles in turbulent vortex boundary layers over
indicated. smooth and rough solid surfaces is demonstrated in Figs.
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3 and 4 by excellent agreement between the prediction

and experiments. 0

In predicting the vortex boundary layer flow on H
the actual water surface, equation (12) was used to E
calculate the air/water interface roughness. Constant 1
C. for ejuation (12) was chosen to be 0. ,558 so that C
the numerically simulated air/water inte.iace roughness 11 SCALE
values z. were in close agreement with the 1/30th of T-
the measured water wave heights. Calculations have *0.5 U K /

been Made with the assumptiona that the main vortex air C
is maintained at 20'C and 50t relative humidity (i.e., M
with H.-16.8 kJ/kg and Q,0U.O07 kg/kR) and that air .at * R(AUS (CH)
the water surface is innintniced nt 25'C nod IUU% rrn- 5 .
tive humidity (i.e., with H,53.U kJ/kg and QU.020 65 5 5 .441

kg/kg). Figs. 5 through 9 show plots of the calcula-
ted radial velocity, tnnzential circulating velocity, I

moist static apecific enthalpy, total moisture ratio .0U (.1 0O.

and turbulence energy profiles for the vortex flow over HOIST akECIFIC ENTIILPY, (H-H)
the actual water surface.

1 0 Fig. 7 Predicted Moist Specific Enthalpy Over a Water
S,ir face

H -RADIUS C1): 1.0

E -1.065 9.525 6.985 4.445 SL
I

T 0.5
5 M/S H SCALE

0 (. nu5

• C KG/KG

I I RADIUS (CM):
_ O5 525 6.965 4.445

0.0 0.0 0.0 0.0
RADIAL INWARD VELOCITY. -U

0.0 0.0 0.0 0.0
Fig. 5 Predicted Radial Velocity Over a Water Surface TOTAL MOISTURE RATIO,(Q-Ql)

Fig. 8 Predicted Total Moisture Ratio Over a Water Sur-
1.0 face

RADIUS CM): 1.0
H 12.065 9.525 6.985 4.445
E

I H _

G SCALE: E

H I I SCALE
TO.5 IOM/S G

STn. 5 /
M

* C

L)I)I I I
0.0 A.0 0.0 0.0

TACENTIAL VELOCITY, V 0.0 0.0 0.0 0.0

Fig. 6 Predicted Tangential Velocity Over a Water Sur- TURBULENCE KIFETIC ENERGY, k
face

Fig. 9 Predicted Turbulent Kinetic Energy Over a Water
Many interesting characteristics for the vortex Surface

boundary layer flow can be obs-rved from the above pre-
sented numerical simulations. Near the air/water inter- dary layer as indicated by an excess of the radial velo-
face, retardation of the tangential velocity is seen in city inside the boundary layer over its value in the
vigs. 3 and 6. This retardation is accompanied by a re- main vortex at the same radius. Effects of the solid
duction in the centrifugal force; the balance between surface roughness and the water surface waviness can be
'ressiare and the centrifugal force is therebdestroyed. seen in Figs. 3, 4, 5 and 6 to increne the boundirv
lhe flow in this region is thus characterized by the layer thickness but to decrease th abruptness in decr-
entrainment of air from the main vortex into the boun- leration of the tangential flow and in acceleration ol
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ABSTPACT permitting them the routine solution of more
involved problems, and developing their ability

to modify programs for dealing with new phe-
Computer-aided modeling of thermal and fluid or ma. For this objective, the authors have

systems has gained acceptance both in scientific developed a UDCFLOW finite element fluid/thermal
research and industrial design. Typical CAD/CAE analysis computer program.
systems for thermal/fluid modelinc include a
finite element analysis code and graphicr facili- In this paper, the UDCFLOW computer program is
ties for pre- and pcst-processing. The authors described first. Interface of UDCFLOW with
have developed at UDC several thermal/fluic sys- PATRAN finite element graphic pre- and post-
tems simulation computer programs [:-3l. A fi- processing software package is then reviewed.
nite element analysis computer program UDCFLOW Finally, examples of coursework that uses the
has now been integrated with the PATAJN graphic UDCFLOW/PATRAN softwares are presented.
software package for finite element pre- and
post-process~n. In order to introduce students UDCFWW FINITE ELEMENT COMPUTER PROGRAM
to the new material and to demonstrate to stu- AND PATUDC FOR PATRAN/UDCFLOW INTERFACING
dents that the encineer must stay abreast of
current developments, UDCFLOW and PATRAN software UDCFLOW is a general-purpose computer program
packages are being used to teach students at UDC which is being developed at the University of the
the transient characteristics of fluid flow and District of Columbia. To facilitate efficient
heat transfer. simulation under a wide variety of conditions,

the UDCFLOW has been intergrated with the PATRAJN
INTRODUCTIOn; software package for graphic pre- and post-pro-

mechanics and cessing of the finite element analysis. Although
Traditional introductory fluid mechanils and the UDCFLOW computer program is being developed

heat transfer courses cover sirrple fluid flow and for simulating 3-D heat, mass and momentum trans-
heat transfer problems in a seqential and com- fer. For use in the undergraduate classroom, a
partmental fashion. Studies of the transient version of UDCFLOW for solving the general 1-D
fluid flow and heat transfer problems are often heat, mass and momentum transfer problems has
limited to those problems for which either the been employed.
closed-form solutions or tabulated functions are
readily available. By providing students with a The governing equation for the general ]-D
finite element fluid/thermal analysis computer convection and diffusion problem can be written
program integrated with the graphic pre- and as:
post-processor, the depth and breadth, as well as
the students' mastery of materials covered in the aT aT hhTa kAaT
fluid/thermal courses, can be increased over the At AU-- -C - rC ax-(- (x

traditional approach. P P P

and the required boundary conditions for the
Generalized computer programs which allow a problem are as follows:

wide variety of fluid/thermal systems to be mo-
deled and simulated have recently been developed At x=0: -[(kA/oC )aT/ax] = y T + 0 (2)
and they are becoming commercially available. p o 0oe,o o
Examples of these programs include Fidap, At x=L: K(kA/oC )aT/axl = T 4 (3)
Flotran, Fluent and Phoenics [4,51. However, P Te
source codes for these programs are not available In the above equations, t is the time, x the
to students, and no single software is always coordinate, T the temperature, U the velocity, A
superior to the others. For classroom adaptation, the cross-sectional area, A the perimeter, c the
it is necessary to have a program developed by density, CP the specific heat. k the thermal
the instructor for the instructional purpose of conductivity, h the heat transfer coefficient, q
relieving the students of arithmatical drudgery, the heat source per unit volume and T the envi-

Professor end Cnairmar, ronmental temperature, and Y,,, c,, eand c, are

Teaching Ass;stants constant values at the domain boundary.
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The Galerkin finite element spatial discreti- However, at time t=0, the electric current is

zation of equationF (1) to (3) lead- to a system shut off, thus causing a transient in the ter-
of coupled nonlinear ordinary differential equa- perature, while the slab faces continue to be

tions: held at 100 degrees C by a coolant. The thermal
diffusisity of the material is constant at the

[C]} + []{a S * (S) C 0 (4) value of 2.84x10-m
2 /s. We would like to find

the temperature within the slab as a function of

Here, [C] is the capacitance matrix, [K] the sum position and time by using the PATRAN/UDCFLOW

of convectivr and conductance matrix, (S) the softwares.

source vector, and {c} the time-dependent temper-
ature values at nodal points of the solution A model for this problem can easily be created

domain. A Newton-Ralphson iterative procedure by using the following PATRAN comnmands:

[6] has been used to solve the equation set (4)
for the {s(t,x)) values, and a computer program GR,l,,0

UDCFLOW has been developed to facilitate the GR,2,TR,0.3,1

calculations. In addition, UDC has developed an LI,I,ST,,1,2

interface between the PDA's PATRAN modeling soft- GF,lL,G,33

ware and the UDC's UDCFLOW finite element CF,lL,BAR

analysis computer program. PM,I,TAN....
PM,2,TAN,...

The PATRAN program provides an interactive, PM,3,TAN,...

graphics-oriented environment for creation of a PM,4,TAN,...

geometric and finite-element model and for dis- PM,5,TAN ....

play of analysis results. The interface allows PM,6,TAN ....

PATR;-N to be used for the model creation and DF,IL,....1

post-processing steps and UDCFLOW to be used for
the analysis. The interface consists of a stand- The PATRAN output file PATRAN.OUT can then be

alone translator program PATUDC that will read read by PATUDC interface program to produce a

the PATRAN model data and transform it into a UDCFLOW.DAT file which can be read by the UDCFLOW

UDCFLOW input file. After fluid/thermal analysis finite element analysis program. Output file from

by UDCFLOw is complete, the results can be trans- the UDCFLOW run, UDCFLOW.RST, can then be used by

ferred back to PATRAN for post-processing dis- the PATRAN post-processor P/PLOT to produce th:

play. X-Y plot L' temperature versus time. Figure 1
shows temperature distributions of the slab at

LASSROOM ADAPTATION AND WORYED EXAMPLES time equal to 0, 150, 300, 450, and 750 seconds,
respectively.

For classroom instruction of the thermal/fluid x - F0a1T1C

syste7 modeling using tne PATRAN and UDCFLOW.... ............. .... ,'

softwares, students may first be introduced to -

the use of PATRAN to generate geometric and
finite element models for a variety of -

fluid/thermal systems. They will then learn toc- i "-
_

run the UDC developed PATRA!;/UDCFLOW interface -- ,
computer program PATUDC which will read PATRA!N --[[ :
model data and transform them into UDCFLOW input -j /$/

files. Source codes for a version of the UDCFLOW

computer program will then be given to the
students. After the students have familiarized ::.

themselves with the UDCFLOW program, they will be -i"\,,
assigned to solve a number of .problems with dif-
ferent degrees of complexity. Siveral examples o I. :C

nf these problems are presented below. O. .o;C .o. 1; 2C .2; .;C
Y- FCZ1T!CN

To illustrate the procedure, we will begin
with a simple 1-D transient heat conduction prob- Fig. I Simulated Transient Slab Temperature

lem, with known boundary temperatures. This will
be followed by more difficult transient problems
which begin to display the power and importance For problems with exitance of combined convec-

of the modeling, analysis and display softwares. tive, diffusion and internal energy source, let
us consider, for example, a problem which has the

Consider an infinite slab of thickness 0.3 following data:

mpter which wan discussed in reference [7].
Inltla~iy because of an electrical current A = 0.0013952 ft

passing the slab, the slab is in the steady state q = 2,400 sin( x/L)

with a temperature distribution in degrees C is r = 50 lb/ft

given by the equation: U = 1.2 ft/s
C = 1. Btu/lb.F

T -:00 - 400sin(-x/0.3). (5) k =  1.028 But/ft.F.s. (6)
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Initial.. the fluid is uniformly at 200 degrees [3] Chi, J., (1988): "CADSES--A Computer-Aided
F. A, t greater than zero, the temperature of the Design System for Simulation Studies cf
fluid is held at C0C degrees at x equal to zero, Energy Systems," Proc. 1988 ASEE Annual
and gradient of the temperature dT/dx is main- Conference, pp.777-781.
tained to be zero at x equal to L. Figure 2
shows res.ltant temperature distributions of the [4] lannuzzelli, R, and Hutchings, B, (1986):
fluid at several different time periods of t "Fluid Dynamics Software Gets Down to Work,"
equal to 1, 2, 3, 5, and 9 seconds, respectively. Mechanical Engineering, Vol.109/No.7, pp.60-

63.

(5] Hutchings, B., and Iannuzzelli, R, (1987):

"Fluid Dynamics Software: A First Look,"
,Mechanical Engineering, Vol.l10/No.5, pp.7 2-

- FL t., 76.

a- H-IRE i.1 [6] Baker, A.J and M.O. Soliman, (1982): "Current
1 3co Topics on Finite Element Analysis for Flows

/k with Large Reynolds Number," Proc. Interna-
. tional Svmoosium on Finite Element Flow Ana-

- \t:±~lysis, pp.'129-136.
(7] Sucec, J., (1985): "Heat Transfer," Wm. C.

Brown Publishers, Dubuque, Iowa, 837pp.

JOSEPH CHI, PH.D., P.E.
Fig. 2 Simulated Transient Fluid Temperature

Professor Joseph Chi received his B.S. and
Ph.D. Degrees from the University of London,

CONCLUSIONS London, England, in 1960 and 1965, respective-
ly, and he is a registered professional mechan-

Computer-aided modeling of thermal and fluid ical engineer in the District of Columbia. He
systems has gained acceptance both in scientific has since 1966 held faculty positions at the
research and industrial design. Typical CAD/CAE Catholic University of America, the George
systems for fluid/thermal modeling include finite Washington University, and the University of
element analysis code and graphic facilities for the District of Columbia, and he has also been
pre- and post-processing. To instruct the stu- employed by the National Bureau of Standards
dents early in their career, the authors have for two years. He holds presently a position
developed at UDZ a finite element fluid/thermal of Chairman and Professor in the Department of
analysis computer program UDCFLOW which has been Mechanical Engineering at the University of
integrated with the PDA's interactive graphics- the District of Columbia, and the Chairman of
oriented finite element modeling pre- and post- the ASME Washington D.C. Section. He has pub-
processing software PATRAN. It resulted in an lished two textbooks and over 50 research
efficient system which the students can use to papers in the areas of engineering education,
gain hands-on experience in computer-aided heat transfer, fluid mechanics, and computer
modeling of the fluid/thermal systems and to applications.
solve more involved problems than was previously
possible. It is hoped that this will enhance the
students' learning experience and increase their ESKINDER BERANU, M.S.
problem solving abilities.
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